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Inﬂuential factors of electrical thresholds for electrically evoked potentials elicited by intraorbital stimulation of the optic nerve,
including stimulation positions of the optic nerve, stimulating electrodes, frequency and duration of electrical pulses and pathological
status of the optic nerve, were evaluated in 48 pigmented rabbit eyes. Intravenous injection of sodium iodate was used to induce trans-
neuronal degeneration of the retinal ganglion layer subsequent to photoreceptor death. Two equations were derived to predict electrical
thresholds needed to elicit cortical responses.
 2007 Elsevier Ltd. All rights reserved.
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Artiﬁcial vision could oﬀer a solution for patients
without any light perception or with very low vision.
Our ultimate goal is to develop an implantable optic
nerve prosthesis that electrically stimulates the optic
nerve, thus providing some functional vision to patients
with advanced retinitis pigmentosa (RP), which results
in substantial loss of photoreceptors. Although physio-
logical and morphologic changes may occur in the mid-
dle retinas of the aﬀected patients, (Fariss, Li, &
Milam, 2000; Santos, Humayun, de Juan, Greenburg,
Marsh, Klock, & Milam, 1997; Stone, Barlow, Huma-
yun, de Juan, & Milam, 1992; Strettoi, Porciatti, Falsini,
Pignatelli, & Rossi, 2002) the opportunity exists for
direct electrical excitation of the optic nerve as a means
of restoring vision.0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2007.08.004
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E-mail address: drlixiaoxin@vip.sina.com (X.-X. Li).The optic nerve was considered as a location to
develop a visual prosthesis based on two reasons: 1.
Either epiretinal or subretinal visual prosthesis could
only stimulate a localized part of the retina, whereas
electrical stimulation of the optic nerve may induce phos-
phenes throughout the whole visual ﬁeld (Delbeke, Ooz-
eer, & Veraart, 2003). 2. Intraorbital prosthesis could
reduce the risk of endophthalmitis.
A few studies (Fang, Sakaguchi, Fujikado, Osanai,
Kanda, Ikuno, Kamei, Ohji, Gan, Choi, Yagi, & Tano,
2005; Fang, Sakaguchi, Fujikado, Osanai, Ikuno, Kamei,
Ohji, Yagi, & Tano, 2006; Sakaguchi, Fujikado, Kanda,
Osanai, Fang, Nakauchi, Ikuno, Kamei, Ohji, Yagi, &
Tano, 2004) or case reports (Brelen, De Potter, Gersdorﬀ,
Cosnard, Veraart, & Delbeke, 2006; Delbeke et al., 2003;
Delbeke, Wanet-Defalque, Gerard, Troosters, Michaux,
& Veraart, 2002; Oozeer, Veraart, Legat, & Delbeke,
2005; Veraart, Raftopoulos, Mortimer, Delbeke, Pins,
Michaux, et al., 1998) concerning electrical stimulation of
the optic nerve have been published in which the current
intensities or charge densities needed to elicit cortical
responses were investigated. Thresholds needed to elicit
electrically evoked potentials (EEPs) may be aﬀected by
Fig. 2. Changes in the VEPs after the injection of sodium iodate. (a)
Typical VEPs from a normal rabbit. The implicit time of P1 was 28 ms. (b)
The VEPs from a rabbit 1 week after the injection. The implicit time of P1
was delayed to 50 ms. (c) Two weeks or longer after the injection, the
VEPs could not be elicited.
Fig. 1. Photographs of the fundus taken from Group 1 to Group 6 (A–F). Atrophy of the RPE and the choroid occurred after the injection of sodium
iodate, which gradually resulted in a depigmented, pale appearance of the fundus during the 18 months after the injection.
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diﬀerent stimulation positions and pathological status of
the optic nerve. However, the correlation between the path-
ological status of the optic nerve and the electrical thresh-
olds to elicit cortical responses has never been investigated.
The goal of the current study was to determine the inﬂu-
ences of these factors on electrical thresholds, especially
the pathological status of the optic nerve.2. Material and methods
2.1. Animals
Forty-eight adult pigmented rabbits (2.5–3.0 kg) were used in this
study. The animals were treated according to the National Institutes of
Health principles of laboratory animal care (United States) and the use
of sodium iodate to induce blindness was approved by the Ethic Commit-
tees of the National Institutes of Health, China. Only the right eyes were
used for electrical stimulations in this study. All animals were organized in
a randomized and case-controlled study.
Table 1
The mean implicit times (ms) of P1 and N1 of EEPs
Time Control group 1 week 2 weeks
P1 4.36 ± 0.52 4.50 ± 0.53 4.63 ± 0.5
N1 6.75 ± 0.71 6.88 ± 0.64 6.63 ± 0.7
The EEPs were elicited by 1.3 Hz electrical pulses with a duration of 0.2 ms
expressed as means ± SD.
Fig. 3. Typical EEPs from a normal rabbit eye elicited by electrical
stimulation inside the pia mater. The stimulation frequency was 1.3 Hz.
The duration of electrical pulses was 0.2 ms. The area of the electrode was
0.03 mm2. (a) Typical EEPs from one normal rabbit eye. (b) As the current
intensity was increased, the amplitude of the EEPs increased.
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mals in each group. Group 1 was the normal control group. Animals
of the other groups were intravenously injected with 1% sodium iodate
(40 mg/kg). Fundus photography and ﬂash visually evoked potentials
(VEPs) were performed 1 week (Group 2), 2 weeks (Group 3), 1 month
(Group 4), 4 months (Group 5) and 18 months (Group 6) after the
injection.
2.2. Stimulating electrodes and recording electrodes
Concentric platinum electrodes of two sizes were used in this study.
One was a 30G concentric electrode (Oxford Instrument Medical Ltd.,
Surrey, UK), with a diameter of 0.3 mm, and the core area was
0.03 mm2. The diameter of the other electrode (Jialong Ltd., Shanghai,
China) was 1.0 mm, and the core area was 0.07 mm2.
An extradural recording method was used in this study to record EEPs.
The recording cortical electrodes were implanted in the skull of the rabbits
according to a published method (Yanagida & Miyake, 1984). The record-
ing ampliﬁer pass bands were set at 50–300 Hz. Before electrical stimula-
tions, the impedances of all the recording electrodes were measured and
the values were less than 5 kX.
2.3. Procedure of surgery
The rabbits were anesthetized with an intramuscular injection of keta-
mine hydrochloride (32 mg/kg body weight) and xylazine hydrochloride
(4 mg/kg body weight). Lateral orbitotomy was performed to expose the
optic nerve. The stimulating electrodes were mounted on a micromanipu-
lator and the tips of the electrodes were gently positioned on the dura
mater of the optic nerve, about 2 mm behind the eye ball. After the stim-
ulations, the dura mater was cut open using a corneal paracentesis knife
and the pia mater was stimulated. After that, the pia mater was carefully
cut open without damaging the small vessels on it, and the axons of the
optic nerve were directly stimulated.
2.4. Ganz ﬁeld ﬂash VEPs
After the implantation of the recording electrodes, the eyes were stim-
ulated by photic stimuli to be certain that the recording electrodes were
placed on the visual cortex. The stimuli were obtained from a Ganz ﬁeld
(Q400; Roland Consult Ltd., Germany) controlled by a Roland RETI sys-
tem. The stimulating light was set at 5 cd/(sÆm2), and 100 VEPs elicited by
1.3 Hz light stimulations were averaged. The recording ampliﬁer pass
bands were set at 1–300 Hz.
2.5. Parameters of electrical stimulations
Biphasic rectangular pulses with either an initial cathodic pulse or an
initial anodic pulse generated by a calibrated stimulator (Model JL-G; Jia-
long Ltd., Shanghai, China) were used in this study. The pulse durations
were set at 0.2, 0.5, 1, 1.5 and 2.0 ms. Diﬀerent frequencies (1.3, 4.9, 9.8,
19.2 and 39.0 Hz) were chosen. For frequency testing, 100 pulses were
applied and an EEP was recorded for each pulse. Current intensities rang-
ing from 10 to 500 lA with a nonlinear amplitude resolution were used.
One hundred cortical responses were recorded and averaged for each stim-
ulating electrode using the Roland RETI system (version 4.5.30; Roland
Consult Ltd., Germany). Before the stimulations, one hundred electroen-4 weeks 4 months 18 months
2 4.25 ± 0.46 4.25 ± 0.46 4.50 ± 0.53
4 6.63 ± 0.52 6.88 ± 0.83 6.88 ± 0.83
by a thinner concentric electrode placed inside the pia mater. Data are
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stimulations. The amplitudes of the noises were kept under 3 lV. We grad-
ually increased current intensities with a minimum amplitude resolution of
5 lA until the EEPs could be separated from the background of the elec-
troencephalographic waves. The minimum current intensity was recorded
as the current threshold.
To ensure that the EEPs originated from the stimulations of the optic
nerve, 2 ml of 2% lidocaine was injected into the retrobulbar space to block
the optic nerve impulses, and the EEPs were recorded 5 min after the
injection.
2.6. Histological studies
Hematoxylin-eosin (HE) staining was used to detect pathological
changes of the retinas. Detection of apoptotic cells was performed in ﬁxed
retinal tissue using the TUNEL (terminal deoxynucleotidyl transferase
mediated dUTP nick end labeling) assay and the slides were counter-
stained with hematoxylin. Histological studies, including HE staining,
chromotropic acid 2R and light green staining (to stain myelin sheath),
Weil-DavenPort staining (Esiri & Booss, 1984) (to stain glial cells), Guil-
lery Shirra and Webster staining (Guillery, Shirra, & Webster, 1961; Wu,
Song, Wang, Wang, & Li, 2003) (to stain degenerated axons) and trans-
mission electron microscopy (TEM), were performed to determine the
pathologic changes in the optic nerve.
2.7. Statistical analysis
Paired t-test was used to compare the means of implicit times of the
VEPs between the control group and Group 2, and also, the means ofFig. 4. Micrographs of HE staining on the sections of the retinas, 400·. (a) No
Disorders of the RPE layer (arrow heads) and damage of the outer segment
injection. Migration of the RPE could be seen (arrow). (e) Four months after th
after the injection. Signiﬁcant loss of neurons in the INL, ONL (arrows), andimplicit times between the EEPs and the VEPs in the control group.
One-way analysis of variance was used to compare the means of implicit
times of EEPs in diﬀerent groups. Multiple linear regressions were used
in this study to evaluate possible factors that may inﬂuence thresholds
needed to elicit EEPs. Partial correlation analyses were used to conﬁrm
the association between electrical thresholds and these factors. Statistical
signiﬁcance was set at P < 0.05. All statistical analyses were performed
by a software package, SPSS 13.0.3. Results
3.1. Fundus and electrophysiological changes after the
injection of sodium iodate
After the intravenous injection of sodium iodate, a pale
appearance was gradually present in the fundus of the ani-
mals because of the disorder of the RPE and the depigmen-
tation of the choroid (Fig. 1).
The VEPs from one of the normal rabbits are shown in
Fig. 2a. One week after the injection of sodium iodate, the
implicit time of the ﬁrst peak was elongated signiﬁcantly
(Fig. 2b). Two weeks or longer, the VEPs could not be elic-
ited (Fig. 2c). The mean implicit times of the ﬁrst peak were
25.8 ± 2.55 ms in normal eyes and 50.5 ± 2.67 ms in Group
2. Paired t-test showed a signiﬁcant diﬀerence between the
two groups (P < 0.001).rmal retina. (b and c) One and 2 weeks after the injection of sodium iodate.
layer of photoreceptors (arrows) could be seen. (d) One month after the
e injection. Disorder of the INL could be seen (arrow). (f) Eighteen months
the GCL (arrowhead). Depigmentation of the choroid.
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Electrical stimulations could elicit EEPs in all groups.
Typical EEPs are shown in Fig. 3a. Several waveforms
named P1, N1, P2 and N2 could be seen. The EEPs elicited
by diﬀerent current intensities from one normal eye are
shown in Fig. 3b. The mean implicit times of P1 and N1
from the EEPs are shown in Table 1. Among them, no sig-
niﬁcant diﬀerences were noticed by one-way analysis of
variance (P > 0.5). In the control group, the mean implicit
times of the ﬁrst peak of the EEPs and the VEPs were sig-
niﬁcantly diﬀerent (paired t-test, P < 0.001).
3.3. Histological study
Disorders of the RPE layers could be seen from Group 2
to Group 6 (Fig. 4b–f). Widespread damage of outer seg-
ment layers of photoreceptors could be seen from Group
2 to Group 6 (Fig. 4b–f). Eighteen months after the injec-
tion, obvious thinning of the retina and signiﬁcant loss of
cells in the inner nuclear layer (INL) and the retinal gan-
glion cell (RGC) layer could be seen (Fig. 4f).
TUNEL-positive neurons in the INL could be seen 1
and 2 weeks after the injection (Fig. 5b and c). TUNEL-
positive RGCs could be seen 1 and 4 months after the injec-
tion (Fig. 5d and e).Fig. 5. TUNEL staining, 400·. (a) Normal retina: TUNEL-positive cells rare
TUNEL-positive cells in the INL (arrows). (d and e) One and 4 months after the
after the injection. TUNEL-positive cells rarely seen.HE staining of the optic nerve did not reveal signiﬁcant
diﬀerences among diﬀerent groups. Myelin sheaths could
be stained red by the chromotropic acid 2R. Demyelination
occurred in Group 5 and Group 6 while in other groups the
myelin sheaths remained intact (Fig. 6). No signiﬁcant dif-
ference was observed among the glial cells in the sections of
the optic nerve in all groups. With Guillery Shirra and
Webster staining, the degenerated nerve ﬁbers appear
brown-black while the normal tissue remains brown-yellow
(Guillery et al., 1961; Wu et al., 2003). Few degenerated
axons were found in the optic nerve sections from Group
1 to Group 4 (Fig. 7a–d). Four months after the injection
of sodium iodate, a portion of the degenerated axons in
the optic nerve were noticed (Fig. 7e). Eighteen months
after the injection, a large number of degenerated axons
occurred (Fig. 7f).
TEM examinations showed that obvious delamination
of myelin sheaths occurred in Group 5 and Group 6
(Fig. 8).
3.4. Inﬂuences of diﬀerent parameters or factors on
thresholds of current intensity and charge density
Part of the stimulation results including the mean
thresholds of the current intensity and the charge density
are shown in Table 2.ly seen. (b and c) One and 2 weeks after the injection of sodium iodate.
injection. TUNEL-positive cells in the GCL (arrows). (f) Eighteen months
Fig. 6. Micrographs of chromotropic acid 2R and light green staining on sections of the optic nerves from Group 1 to Group 6 (a–f), 1000·. Moderate to
severe demyelination could be seen at 4 months (e) and at 18 months (f) after intravenous sodium iodate injection.
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No signiﬁcant change was observed in the EEP wave-
forms when the polarity was reversed (Fig. 9), and the
current threshold was not changed.
3.4.2. Stimulation positions
Thresholds of current intensity and charge density
increased signiﬁcantly when electrical pulses were applied
to the dura mater compared with the pia mater or inside
the pia mater (Fig. 10). Higher electrical thresholds were
needed when the stimulations were applied to the pia mater
than inside it (Fig. 11). The application of the electrical
pulses to diﬀerent parts of the axons of the optic nerve
did not produce diﬀerent EEP waveforms.
3.4.3. Size of the electrodes
Higher current intensities but lower charge densities
were needed to elicit EEPs when using the larger electrode
than the smaller one (Fig. 11).
3.4.4. Frequency of electrical pulses
Higher frequency resulted in both higher current thresh-
olds and charge thresholds (Fig. 11). When the stimulationfrequency was increased, the amplitudes of the EEPs
decreased (Fig. 12).
3.4.5. Duration of electrical pulses
Longer duration resulted in lower current thresholds but
higher charge thresholds needed to elicit EEPs (Fig. 13).
3.4.6. Pathological status of the optic nerve
Higher current thresholds and charge thresholds were
needed to elicit EEPs in Group 6 (severe degeneration of
the optic nerve) than in Group 5 (moderate degeneration
of the optic nerve), while other groups (relatively normal
optic nerve) needed lower electrical thresholds (Fig. 13).
3.5. Regression results
Four dummy variables (T1, T2, P1 and P2) were intro-
duced into the equations to evaluate the inﬂuences of path-
ological status and diﬀerent stimulation positions of the
optic nerve on electrical thresholds. Before the regressions
were performed, the normal distribution and the homoge-
neity of variances were tested by histograms and scatters
of standardized residuals. Durations of electrical pulses
Fig. 7. Micrographs of Guillery Shirra and Webster staining on the sections of the optic nerves, 1000·. (a–f) Examples from Group 1 to Group 6,
respectively. (a–d) Red arrows indicate typical degenerated axons in the optic nerves from Group 1 to Group 4. (e) Degeneration of axons in the optic
nerve occurred at 4 months after the injection of sodium iodate (red rectangle). (f) A large number of degenerated axons could be seen at 18 months after
the injection. A red rectangle shows a cluster of degenerated axons.
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the R square of the regression model. The results were:
I t ¼ 107:3  P 2 þ 27:5=Dþ 1255:2  Sþ 1:5  Fþ 34:6
 T 2 þ 19:5  P 1 þ 16:3  T 1  91:7 ð1Þ
rt ¼ 158:9  P 2  23:7=Dþ 2:5  Fþ 57:9  T 2  710:6
 Sþ 31:0  T 1 þ 23:8  P 1 þ 112:1 ð2Þ
The coeﬃcients and their standard errors are shown in
Table 3. The R square of both equations is 0.8.
In these two equations, It and rt represent the thresholds
of current intensity (lA) and charge density (lc/cm2),
respectively. D represents the duration (ms) of electrical
pulses. S represents the area (mm2) of the stimulating elec-
trodes. F represents the frequency (Hz). Tn are indicator
variables representing the pathological status of the optic
nerve. When these equations were applied to the relatively
normal optic nerve (e.g. Group 1 to Group 4 in our study),
T1 = 0 and T2 = 0. When these equations were applied to
the moderately degenerated optic nerve (e.g. Group 5 inour study), T1 = 1 and T2 = 0. When these equations were
applied to the severely degenerated optic nerve (e.g. Group
6 in our study), T1 = 0 and T2 = 1. Pn are indicator vari-
ables representing the positions of the optic nerve at which
electrical pulses were applied. When the dura mater was
stimulated, P1 = 0 and P2 = 1. When the pia mater was
stimulated, P1 = 1 and P2 = 0. When the axons of the optic
nerve were directly stimulated, P1 = 0 and P2 = 0. The P
values of the regression coeﬃcients in both equations were
less than 0.001.
Partial correlation analyses were performed to demon-
strate the signiﬁcance of these regression coeﬃcients. All
correlation coeﬃcients are shown in Table 4 (P < 0.001).4. Discussion
Artiﬁcial vision is based on the ability to stimulate small
areas of neural tissues with implantable devices at several
levels of the visual system (Margalit, Maia, Weiland,
Greenberg, Fujii, Torres, et al., 2002; Zrenner, 2002). The
optic nerve is a compact compartment of ganglion cell
Fig. 8. Transmission electron micrographs of the optic nerves from Group 1 to Group 6 (a–f), Ua-Lc staining, 30,000·. Delamination of myelin sheaths
(red arrow) occurred at 4 months after the injection of sodium iodate (e). More severe delamination of myelin sheaths (red arrows) could be seen at 18
months after the injection of sodium iodate (f).
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geniculate body. This condensed nerve bundle can be
reached surgically and theoretically is an ideal location
for implanting a surface or penetrating stimulating elec-
trode array.
4.1. Transneuronal degeneration of neurons in the INL and
the ganglion cell layer (GCL) subsequent to photoreceptor
death
Visual rehabilitation of patients with severe photorecep-
tor loss using tissue or electronic prostheses requires anadequately functioning GCL for signal transmission to
the brain. Inner retinal survival after disease-related photo-
receptor loss is best documented for retinitis pigmentosa
(Humayun, Prince, de Juan, Barron, Moskowitz, et al.,
1999; Santos et al., 1997; Stone et al., 1992), a clinical phe-
notype common to many inherited disorders (Inglehearn,
1998; van Soest, Westerveld, de Jong, Bleeker-Wagemak-
ers, & Bergen, 1999). In the maculas of patients with RP,
the number of surviving GCL neurons was 30–75% of
those in control eyes, with the lowest survival rates found
in the most severe cases (Humayun et al., 1999). Fewer
GCL neurons survived in the peripheral retina than in
Table 2
The mean thresholds of the current intensity and the charge density
Electrode area
Stimulation location
0.03 mm2 0.07 mm2
Groups Inside pia mater Pia mater Dura mater Inside pia mater Pia mater Dura mater
Current threshold (lA) Control group 30 ± 5 50 ± 5 188 ± 44 75 ± 4 103 ± 20 244 ± 32
1 week 30 ± 5 50 ± 5 188 ± 25 75 ± 7 101 ± 20 250 ± 27
2 weeks 30 ± 5 50 ± 4 175 ± 46 69 ± 9 100 ± 21 231 ± 65
4 weeks 34 ± 4 55 ± 7 200 ± 38 76 ± 6 106 ± 18 250 ± 27
4 months 50 ± 6 74 ± 7 213 ± 23 101 ± 21 138 ± 35 269 ± 26
18 months 93 ± 6 144 ± 32 244 ± 32 131 ± 26 244 ± 32 325 ± 27
Charge threshold (lC/cm2) Control group 20 ± 3 33 ± 3 125 ± 30 21 ± 1 29 ± 6 70 ± 9
1 week 20 ± 4 33 ± 3 125 ± 24 20 ± 2 29 ± 6 71 ± 8
2 weeks 20 ± 4 33 ± 3 117 ± 31 20 ± 2 29 ± 6 66 ± 19
4 weeks 23 ± 2 37 ± 4 133 ± 25 22 ± 2 30 ± 5 71 ± 8
4 months 33 ± 4 49 ± 5 142 ± 15 29 ± 6 39 ± 10 77 ± 7
18 months 62 ± 4 96 ± 21 163 ± 21 38 ± 7 70 ± 9 93 ± 8
The EEPs were elicited by 1.3 Hz electrical pulses with a duration of 0.2 ms. Data are shown as means ± SD.
Fig. 9. The EEPs elicited by the smaller electrode after bipolar electrical
stimulation with opposite direction of current in a rabbit eye. About
1.3 Hz electrical pulses with a duration of 0.2 ms were applied to the pia
mater. (a) Polarity of the current was cathodic initially. (b) Polarity of the
current was anodic initially. The current threshold did not change.
3020 K. Wang et al. / Vision Research 47 (2007) 3012–3024the macula of the same eyes, with 30% of GCL neurons
remaining in the moderate cases and 20% remaining in
the severe cases (Humayun et al., 1999). It has been
reported in one study (Marco-Gomariz, Hurtado-Montal-
ban, Vidal-Sanz, Lund, & Villegas-Perez, 2006) that photo-
toxic-induced photoreceptor degeneration caused retinal
ganglion cell degeneration in the pigmented rats. All these
studies revealed that transneuronal degeneration of the
GCL subsequent to photoreceptor death could substan-
tially reduce the potential eﬀect of implanted visual
prosthesis.
Sodium iodate (NaIO3) is a drug that selectively
destroys RPE cells in pigmented animals. The mecha-
nism of the action associated with NaIO3 administration
has been described in sheep, which includes the destruc-
tion of the RPE basal plasma membrane (Nilsson,
Knave, & Persson, 1977a, 1977b) and the following
swelling and rupture of intracellular organelles. Severe
atrophy was observed in the choriocapillaris (Korte,
Reppucci, & Henkind, 1984) and the a- and b-waves
of the ERG, which originate from neural retina, were
altered (Hosoda, Adachi-Usami, Mizota, Hanawa, &
Kimura, 1993), indicating that the retinal photoreceptor
degeneration occurred. However, the collateral eﬀects of
sodium iodate upon the inner retina and the optic nerve
over a longer time course have never been investigated.
In our study, after the damage of the photoreceptor
layer, apoptosis of neurons occurred early in the INL
1 week after the injection, followed by the apoptosis
of the RGCs 3 weeks later. Severe apoptosis of the
RGCs was noticed 4 months after the injection, which
was in accordance with moderate to severe pathological
changes noticed in the optic nerve. All these suggest
intravenous injection of sodium iodate could induce a
cascade of degeneration of the photoreceptors, the bipo-
lar cells and the RGCs.
Fig. 10. The EEP Waveforms elicited by 1.3 Hz electrical pulses with
0.2 ms duration at diﬀerent anatomical positions of the optic nerve in the
control group. The EEPs were elicited by stimulations inside the pia mater
(a), on the pia mater (b) and on the dura mater (c), respectively. The
current intensity was increased when the pulses were applied on the dura
mater.
Fig. 11. The graphs show the comparison of the mean current intensities
(a) and charge densities (b) needed to elicit EEPs in the control group with
diﬀerent stimulation parameters or factors. The duration of electrical
pulses was 0.2 ms. Eight data points were averaged for each bar.
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and charge thresholds for electrically evoked potentials
The waveforms of the EEPs were similar to those of the
VEPs. The implicit time of the ﬁrst peak of the EEPs in the
control group was signiﬁcantly shorter than that of the
VEPs. This diﬀerence must be due mainly to the time
required for the activation of the photoreceptors and for
the signals to reach the RGCs.The charge threshold and the current threshold for
electrical excitation of neurons are the two most mean-
ingful parameters for electrical stimulations. Many
groups (Humayun, de Juan, Dagnelie, Greenberg, Propst,
& Phillips, 1996; Humayun, Propst, de Juan, McCor-
mick, & Hickingbotham, 1994; Veraart et al., 1998) have
reported diﬀerent charge thresholds, including epiretinal,
subretinal, and optic nerve stimulations. These charge
threshold variations may arise from diﬀerences of stimu-
lation positions, electrical properties, stimulating elec-
trodes, stimulation parameters and pathological status
of the optic nerve.
4.2.1. Polarity of electrical pulses
Biphasic waveforms can have either an initially cathodic
or an initially anodic wave. For most applications, initially
Fig. 12. The EEPs elicited by electrical pulses with 0.5 ms duration applied on the dura mater with diﬀerent frequencies in the control group. The current
was 200 lA and the smaller electrode was used.
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ably because they depolarize the cell membrane closest to
the electrode (Margalit et al., 2002). In our study, such a
phenomenon was not noticed, possibly because both the
positive electrode and the negative electrode were centered
on the same concentric electrode, which touched the same
tissue simultaneously. Fang et al. (2005) implanted the elec-
trodes on the optic disk of rabbit eyes, and they did not
notice such a phenomenon either.
4.2.2. Stimulation positions
The dura mater is a tough ﬁbrous tissue that can impede
electrical current. In order to stimulate the optic nerve
eﬀectively, higher current intensities and charge densities
were needed to penetrate the dura mater than the pia
mater. Before designing an optic nerve prosthesis, we
should also be aware that the dura mater of a human is
much thicker than that of a rabbit.
4.2.3. Geometric conﬁguration of the stimulating electrodes
Our results showed that the larger electrode results in
lower charge threshold. Since the EEP was a kind of ﬁeld
potential, the amplitude of the EEP was directly associated
with the number of axons activated by the stimulation.
Assuming that themean charge threshold to activate a single
axon in the optic nerve were a constant, a larger electrode
would recruit more axons in the optic nerve compared with
a smaller onewhen a single electrical pulse of a certain charge
density is applied. Similar results could be seen in an article
by Fang et al. (2005). In our study, the current threshold
increased when the larger electrode was used. However,
Fang et al. (2005) reported a contradictory result. This con-
tradictionmay due to diﬀerent stimulationmodes and diﬀer-
ent stimulating electrodes. In their study, four platinumwires were implanted in the optic disk and the current passed
through nearly one quadrant of the optic disk. In our study,
the current may have localized on the contact surface of the
concentric electrodes and the optic nerve.
4.2.4. Frequency of electrical pulses
In our study, as the stimulation frequency was
increased, the amplitude of the EEP waveforms decreased.
This could be explained as the adaptation of the brain to a
single repeated electrical pulse. A similar result could also
be seen in ﬂash VEP examinations (Foerster & Li, 1986).
Delbeke et al. (2003) found that the threshold diminished
when train frequency increased. The contrary results may
due to two reasons. Firstly, diﬀerent recording methods
were used. We used an extradural recording method while
the other studies used visual sensations from patients to
evaluate the charge thresholds. Secondly, straightforward
accumulation of electric charge at the level of the axonal
membrane is not possible with biphasic pulses because of
charge compensation eﬀect. In our study, we used the
monopulses, not trains of pulses, to elicit visual responses.
4.2.5. Duration of electrical pulses
Longer duration resulted in lower current thresholds but
higher charge thresholds needed to elicit the EEPs. This
phenomenon is associated with the accumulation of electric
charge on the axonal membrane of the optic nerve.
4.2.6. Degeneration state of the optic nerve
In our study, electrical stimulations applied to the optic
nerve with degenerated axons could elicit cortical
responses, but higher electrical thresholds were needed
than the normal optic nerve. In advanced RP patients, a
pale optic disk is often noticed, which suggests the atrophy
Fig. 13. Mean current thresholds (a) and charge thresholds (b) at diﬀerent
time points after the injection of sodium iodate. About 1.3 Hz electrical
pulses were applied inside the pia mater. The smaller electrode was used.
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ent courses of diseases like AMD or RP, so diﬀerent
degrees of pathological changes may occur in their optic
nerves. Hence, individualization of the electrical thresholdsTable 3
Coeﬃcients of regression equations
Constant S F 1/D
It 91.7 ± 1.6 1255.2 ± 22.65 1.5 ± 0.03 27.5 ±
rt 112.1 ± 1.92 710.6 ± 27.4 2.5 ± 0.04 23.7 ±
Table 4
Coeﬃcients of partial correlation in the regression equations
S F 1/D
Current threshold 0.547* 0.467* 0.766*
Charge threshold 0.292* 0.584* 0.648*
* The level of signiﬁcance was P < 0.001.should be considered in designing an optic nerve prosthesis
for a particular patient. Although the number of RGCs in
the maculas of RP patients decreases signiﬁcantly (Huma-
yun et al., 1999), the opportunity exists for electrical exci-
tation of the optic nerve if some functional RGCs
survive. However, in order to achieve a better prognosis,
an optic nerve prosthesis should be implanted before most
of RGCs degenerated.4.3. Disadvantages of the optic nerve prosthesis
The optic nerve could be considered as a location for
implanting a stimulating electrode array, however, the high
density of the axons (1.2 million within a 2 mm-diameter
cylindrical structure) could make it diﬃcult to achieve
focused stimulations and detailed perceptions. Although,
after training, a volunteer (Veraart, Wanet-Defalque, &
Delbeke, 2001) could recognize diﬀerent shapes, line orien-
tations, and even letters, diﬀerentiation may be the most
diﬃcult task for a recipient of an optic nerve prosthesis.
Further studies are still needed to investigate how to gener-
ate an acceptable resolution and to elicit phosphenes in a
localized, repeatable, and point fashion—ideally correlated
with the electrode location for an optic nerve prosthesis.5. Conclusion
Factors including stimulation positions of the optic
nerve, stimulating electrodes, frequency and duration of
electrical pulses and pathological status of the optic nerve
could inﬂuence the electrical thresholds needed to elicit cor-
tical responses. Before designing an optic nerve prosthesis,
more attentions should be paid to pathological status of the
optic nerve, because transneuronal degeneration of the
GCL subsequent to photoreceptor death could increase
the electrical thresholds, thus, substantially reduce the
potential beneﬁts of this kind of future therapy.
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